One of the central paradigms for classical and quantum chaos in conservative systems is the twodimensional billiard in which particles are confined to a closed region in the plane, undergoing elastic collisions with the walls and free motion in between. We report the first realization of billiards using ultracold atoms bouncing off beams of light. These beams create the desired spatial pattern, forming an "optical billiard." We find excellent agreement between theory and our experimental demonstration of chaotic and stable motion in optical billiards, establishing a new testing ground for classical and quantum chaos.
Billiards have been the subject of active research in physics and mathematics for many years [1] . It is well known that the dynamics in this system are governed by the shape of the billiard. For example, particles in a circular billiard move along stable, periodic orbits. In contrast, particle motion in a stadium-shaped billiard is chaotic, with exponential divergence and randomness of trajectories [2] . The renewed interest in billiards in recent years has brought to light a number of fundamental problems in physics, including justification of a probabilistic approach to statistical mechanics, and the existence of Maxwell's demon [2] [3] [4] . On the experimental side, billiards have been studied in quantum dots [5, 6] , microwave cavities [7] [8] [9] , and were found to be relevant to the design of directional micro-lasers [10] . However, many important issues have not been clearly addressed in these systems. These include the effects of soft boundaries [11] , surface scattering [12, 13] , and particle interactions [14] . Here we present a new experimental system for the study of billiards based on ultracold atoms confined in a spatial structure formed by beams of light. This system offers unique advantages of choosing arbitrary billiard geometry, dynamical changing of parameters, introducing noise and decoherence, and studying the role of quantum and many-body effects. We test the capabilities of optical billiards by measuring atomic motion in different regimes of classical chaos and show an agreement with classical theory and numerical simulations.
To create an optical billiard we use two acousto-optic deflectors (AOD), each one deflecting the laser beam in one of the two orthogonal directions (Fig. 1) . By scanning the deflection angles synchronously, an arbitrary two-dimensional light pattern is "drawn" in a plane perpendicular to the optical axis. Laser light of frequency higher than atomic resonance creates a repulsive dipole potential which is proportional to the laser intensity and inversely proportional to the detuning. For a sufficiently rapid scan of the laser beam, this potential is well approximated by a static potential barrier -the billiard wall. This method was used recently to generate a circular rotating-beam optical trap for cold rubidium atoms [15] .
In order to confine the atomic motion to two-dimensional planes we add a stationary standing wave along the optical axis. As a result of the repulsive potential, atoms move in planes defined by the nodes of the standing wave and bounce elastically off the scanning billiard beam. The relatively large Rayleigh length of the billiard beam (ϳ2.7 mm, much bigger than the size of the atomic cloud) ensures the equivalence between many independent two-dimensional billiard regions cut by the standing wave from the three-dimensional light pattern.
In this work we focus on a billiard geometry known as a "symmetric gravitational wedge" first introduced by Lehtihet and Miller [16] . This system consists of a point mass m moving in a constant gravitational field g between two straight, intersecting, elastic boundaries, which are symmetrically inclined by equal angles to the direction of gravity, forming a two-dimensional wedge that confines the motion (see the lower panels in Fig. 2 ). Despite a very simple shape, dynamical behavior of the gravitational wedge is amazingly rich and can be tuned from stability . For each angle, we show one real-space trajectory (lower panels) starting from the initial conditions marked by an arrow on the corresponding phase space portrait. The trajectory is weakly chaotic in case (a) (i.e., it connects to a very small region of the phase space), periodic in case (b), and fully chaotic in (c) (i.e., it explores the whole phase space). An isolated fixed point corresponding to the dominant periodic orbit of the system is marked by an asterisk in cases (a) and (b).
to chaos with a single parameter -the vertex half-angle u (0 ± , u , 90 ± ). In order to examine the dynamical properties of the billiard, it is convenient to follow its trajectories in the phase space. The phase space of the gravitational wedge is four dimensional. However, conservation of energy and the fact that all trajectories reach the billiard boundaries make it possible to project the phase space onto a twodimensional plane -the Poincaré surface of a section, defined by mv 2 ͞2 1 mgy E, y x͞ tan͑u͒, where x and y are the spatial coordinates of the particle (the origin is at the wedge vertex) and v its velocity. In Fig. 2 , we plot the square of the normal component of v, y 2 n , versus its tangential component y t at the points of bounce. When u 45 ± , the motion along the wedge boundaries is separable and therefore completely integrable. Numerical studies [16] [17] [18] demonstrate that for u , 45
± the phase space is mixed. Here, the regions of global chaos coexist with the stable quasiperiodic trajectories, and particle motion depends on the initial conditions. The relative amount of chaos in this regime was shown to oscillate, having its minima at u n 90 ± ͞n, n 3, 4, 5, . . . . For instance, at u 30 ± only a very weak chaotic component is observed near unstable periodic points, as illustrated in Fig. 2a by an arrow pointing at the small region of confined chaos. Between these special angles u n both chaotic and stable structures may occupy comparable areas (Fig. 2b) . Here, a simply connected domain of global chaos fills the phase space between the stable orbits. An abrupt change in dynamics occurs above 45 ± , where the system exhibits hard chaos, and all periodic trajectories become unstable (Fig. 2c) .
It is important to emphasize that the reason for the chaos in the gravitational wedge is the singularity of the vertex [18] . Thus, any point in the chaotic sea is necessarily connected with the wedge vertex [the upper domed boundary in the phase space portraits (Fig. 2) ]. This important property of the wedge billiard allows us to study its dynamics by measuring the survival probability of a particle in the wedge with a "hole" at the vertex (see Fig. 3 ). Indeed, particles that are trapped within stable islands do not reach the vertex and therefore cannot fall through the hole. Others, however, sooner or later come arbitrarily close to the vertex and escape from the wedge. This effect is illustrated by a few examples of the periodic and chaotic trajectories in Fig. 2 .
Confining atomic motion inside optical billiards requires a source of ultracold atoms. In our experiment, we first trap and cool «10 6 cesium atoms in a standard magneto-optical trap (MOT) [19] . Subsequent polarization-gradient cooling yields a temperature of 10 mK with the initial spatial distribution radius of the atomic cloud of 0.2 mm. After turning the trapping fields off, the billiard beam and the standing wave are turned on simultaneously, and the atoms are left in the gravitational wedge for up to 450 ms. The fraction of atoms that remained in the billiard, as well as their spatial distribution, is detected by turning the MOT trapping beams on in zero magnetic field (thus effectively freezing the position of the atoms in optical molasses [19] ) and imaging fluorescence in a short (50 ms) exposure on a cooled highresolution charge-coupled device (CCD) camera.
The billiard and the standing wave beams are provided by a Ti:sapphire laser detuned 1.7 nm above the atomic   FIG. 3 . Picture of the optical wedge with a hole, taken with the CCD camera at the focal plane of the billiard beam. The angle, hole diameter, and intensity distribution may be dynamically varied, while the total size and the beam diameter are determined by the optical setup. transition of cesium. After passing through the acoustooptic deflectors, the billiard beam is focused into the vacuum chamber and has a 1͞e 2 radius of 28 mm and power of 200 mW. Drawing a hole at a certain location on the billiard wall is achieved by switching off the power of the radio-frequency signal, which controls the diffraction efficiency of the AOD. The size of the billiards is measured independently on a second CCD camera. As shown in Fig. 3 , the maximum linear dimension of the wedge is 500 mm. It is much smaller than the 2.6 mm diameter of the standing wave, which makes the two-dimensional motion approximation well justified. The lower billiard edge is positioned 250 6 50 mm below the center of the MOT and is fixed for all angles u. In the longitudinal direction, we carefully match the focal plane of the billiard beam with the position of the atomic cloud. In order to create an effectively stationary wall, which is of crucial importance for the regime of specular reflection, one needs to scan the billiard beam as fast as possible. The response time of the acousto-optic deflectors (0.55 ms) limits the scan rate to ϳ80 KHz. We set the scan rate to 20 KHz, after confirming that the results do not depend upon this parameter at rates higher than 3 KHz.
In Fig. 4 we plot the survival probability in the gravitational wedge with a hole diameter of 75 mm as a function of its half-angle u. The survival probability is calculated as the number of atoms detected in the billiard after 300 ms and normalized by the initial number of atoms in the wedge. The latter is measured at t 25 ms, when the rest of the atoms, falling due to gravity, are out of the camera's sight. This takes into account the different loading efficiency of atoms into the billiard, which depends on u due to the comparable sizes of the wedge and the initial atomic cloud. The result clearly demonstrates an expected oscillatory behavior. At u 22. (90 ± ͞4 and 90 ± ͞3), the measure of the stable structures in the phase space is at maximum, resulting in a larger amount of trapped atoms. Since all periodic trajectories of the u 45 ± wedge connect to the vertex, the third peak is shifted towards angles smaller than 45 ± , where this connection is broken for most of the remaining stable orbits. In exact agreement with theory [17] , which predicts complete chaos at u ഠ 26 ± , 34 ± , and above 45 ± , we see distinct minima at these angles. An inherent feature of optical billiards is the softness of the walls due to the finite penetration depth of an atom into the Gaussian profile of the laser beam. In the case of the gravitational wedge, softness results in an effective decreasing of the wedge angle, since the classical turning point is farther from the wall center for higher points of bounce, where the kinetic energy is smaller. This effect results in a shift of all peaks and valleys of the oscillation curve by as much as 10 ± from their expected locations. We correct for the wall softness by reducing the light intensity linearly with height, such that it decreases to zero at 500 mm from the bottom of the wedge. This correction is not complete, as the penetration depth depends only upon a normal component of atomic velocity. However, one would expect that averaging of the effective angle along each trajectory would result in better angle matching, as indeed was observed in our experiment. To make an exact verification of this assumption, we calculate classical trajectories numerically, where we include initial spatial and momentum distributions of the atomic cloud, real size of the wedge, wall softness, and spontaneous emission. The result of the numerical analysis, shown in Fig. 4 , is in excellent agreement with the experimental observation. Although a classical model is sufficient to describe our current results, quantum effects should become important at lower initial temperatures. We attribute the discrepancy (by a factor of ϳ2) in the overall magnitude of the signal to the elastic collisions between cesium atoms in the billiard, which may enhance the escape rate due to the mixing of trajectories. The effect of interatomic collisions on billiard dynamics is under current investigation. Finally, we have measured the survival probability as a function of time for different wedge angles and have observed nonexponential escape rates from the billiard in the regimes where the dynamics are not fully chaotic. This effect may be due to the complicated hierarchy of stable structures near the primary stability islands and will be the topic of further research.
The ability to choose an arbitrary billiard geometry and vary it dynamically in time, coupled with the techniques for cooling and trapping of atoms, opens many directions for future work. These include the study of quantum effects [20, 21] , many-body interactions, quantum statistics, and decoherence in chaotic systems. The optical billiard can also be viewed as a novel trap where particle dynamics are controlled by the geometrical shape, providing a new tool in the control of atomic motion.
